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Abstract 

The fossil record documents that ferns have been a significant component of the land flora 
since the Middle Devonian, but there has been a succession of dominant groups through time. 
Systematic turnover appears to be correlated with major floristic, climatic and tectonic events. 
Currently available evidence suggests that Filicales originated near the base of the Lower 
Carboniferous at a time when the first seed plant communities. were becoming established. 
Filicaleans diversified significantly during the Carboniferous. All of the well documented 
Carboniferous families became extinct during the Permian, and were replaced by relatively 
primitive families with living representatives from the Permian through the Jurassic. 
A majority of modern filicalean diversity originated during the Cretaceous, apparently 
associated with newly developed angiosperm-dominated communities of increased 
complexity. Most modem families, many genera, and even some living species appear to have 
arisen by the beginning of the Tertiary. 


Introduction 


Ferns are the most conspicuous land plants that reproduce by naked spores. They are 
currently the most widely distributed and diverse of the pteridophytic vascular plants, and are 
the group with the most complex fossil record (Rothwell, 1996). In contrast to other 
pteridophytic groups with an extensive geological history (i.e., lycophytes and 
equisetophytes), ferns have undergone a great deal of systematic turnover through time, with 
the dominant Devonian taxa becoming extinct in the Lower Carboniferous, the most dominant 
Carboniferous taxa diminishing in significance throughout the Permian, and most living taxa 
diversifying in the Cretaceous (Tidwell and Ash, 1994). 

Ferns are also the only group of non-angiospermous vascular plants to have undergone 
significant evolutionary radiation with an overall increase in diversity since the flowering 
plants ascended to dominance in the Cretaceous (Lovis, 1977; Rothwell, 1996). The fossil 
record chronicles a succession of fern groups through time (Scott and Galtier, 1985; Tidwell 
and Ash, 1994), and provides a conceptual basis for understanding the diversity of plants that 
are popularly regarded as ferns (Stewart and Rothwell, 1993; Rothwell, 1994). In this paper 
major groups of ferns are identified and relationships among them are reviewed. The 
succession of fern groups through time is summarised, and global correlations to the origins, 
diversifications and declines of each group are discussed. 
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Ferns and fern-like plants 


In the most basic terms, ferns are vascular plants that reproduce by naked spores and have the 
leaf as the dominant vegetative organ of the sporophyte (Kaplan and Groff, 1995). Whereas 
traditional classifications recognised ferns as a natural group (c.g., Eames, 1936), growing 
knowledge of extinct groups has increasingly revealed structural and systematic heterogencity 
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Fic. 1. Stratigraphic distribution of ferns, and correlates to origins of major groups. Major groups arc 
recognised as orders, and their stratigraphic ranges are represented by wide bars. Primitive families 
of Filicales are included at right, and their stratigraphic ranges are represented by somewhat narrower 
bars, Equivocal extensions of stratigraphic ranges are represented by narrow bars with a *?'. Global 
events with which fern origins/extinctions are correlated are indicated by numbers 1—4 . These are as 
follows: 1. Lower Devonian radiations of trachcophytes. 2. Origin of gymnosperm dominated plant 
communities. 3. Major changes in global climate and geography. 4. Origin of angiosperm dominated 
plant communities. See text for details. 
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within the assemblage (Stewart and Rothwell, 1993). The earlicst fossil ferns are known from 
uppermost Lower Devonian deposits (Fig. 1), but these taxa bear little resemblance to living 
forms (Taylor and Taylor, 1993). Fossil species that are well enough characterised to reconstruct 
as whole plants appear in uppermost Lower Devonian and later deposits, and are assignable to 
several major taxa (Fig. 1). These include the Cladoxylales, Rhacophytales, Stauropteridales, 
Zygopteridales, Ophioglossales, Marattiales, Filicales and Hydropteridales. Structural and 
biological features of these groups are well characterised, and recently have been summarised 
by both Stewart and Rothwell (1993) and Taylor and Taylor (1993). 


Origins and radiations of major fern groups 


The first fern-like plants to appear in uppermost Lower and Middle Devonian sediments 
were the products of phylogenetic radiations that occurred during a period of significantly 
increasing land plant diversity (Knoll, 1986). These origins were associated with new 
structural and reproductive features such as (1) stem/leaf shoot system organography, 
(2) lateral (secondary) growth, and (3) heterospory (Chaloner and Sheerin, 1979; Gensel and 
Andrews, 1984). It is interesting to note that only the first of these features is considered to be 
ancestral among fern groups with living representatives (Stewart and Rothwell, 1993). 
Nevertheless, most of the Middle and Upper Devonian plants with large dissected leaves were 
considered to be candidates for progenitors of modern ferns until progymnosperms were 
discovered in 1960 (Beck, 1970). 

Among the Middle Devonian groups, only the Cladoxylales and Rhacophytales have been 
retained among the ferns (Taylor and Taylor, 1993). Cladoxylales were most prominent during 
the Middle Devonian, but remained relatively common in Upper Devonian and Tournaisian 
sediments (Table 1). Species of the Rhacophytales appear in the fossil record shortly after the 
Cladoxylales (Fig. 1), but did not become a prominent vegetational element until the Upper 
Devonian (Table 1), where Rhacophyton characterises the floral zone for the period that spans 
the Devonian/Carboniferous boundary (Banks, 1980). Rhacophyton was also the principal 
source of biomass for the earliest terrestrial trachcophyte coals (Scheckler, 1986). The 
Zygopteridales were never a dominant vegetational element, but were common in tropical 
wetland floras from the Uppermost Devonian to the Lower Permian (Table 1). Stauropterid 
ferns were a minor component of the Uppermost Devonian and Carboniferous vegetation, but 
were notable because some species displayed derived forms of heterospory (Erwin and 
Rothwell, 1989). All four groups became extinct before the end of the Paleozoic (Fig. 1). 

The Marattiales appeared in the Upper Carboniferous, and became the dominant canopy 
trees of the Upper Pennsylvanian and Lower Permian equatorial wetlands (Table 1; Phillips 
et al., 1985). The group diminished in diversity and prominence throughout the Pennian, 
Mesozoic and Tertiary (Hill and Camus, 1986; Stewart and Rothwell, 1993), and is represented 
by a relatively small number of tropical species in the modern vegetation (Rothwell, 1996). In 
contrast to the Marattiales, the Ophioglossales has a poor fossil record and has never been a 
dominant vegetational element. The only megafossil evidence for the group is a species of 
Botrychium that occurs in basal Tertiary deposits, and is nearly identical to living species of 
the genus (Rothwell and Stockey, 1989). Spores attributed to the Ophioglossales have been 
described from Jurassic sediments (Taylor and Taylor, 1993), but their affinities need to be 
confirmed by additional evidence. 

The Filicales is the most ancient and diverse fem group with living species. Evidence of the 
Filicales has been discovered near the base of the Carboniferous (Galtier, 1981), with several 
families appearing and diversifying throughout the Carboniferous (Fig. 1: Scott and Galtier, 
1985; Rothwell, 1987). This origin and diversification is concordant with a second dramatic 
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TABLE 1. Stratigraphic Distribution of Major Fem Groups. 
Group. Earliest Fossil Evidence Period of Greatest Diversity 


Hydropteridales Cretaceous Upper Cretaceous - 
Basal Tertiary 


Filicales Lower Carboniferous : Cretaceous - Recent 


Marattiales Pennsylvanian Upper Pennsylvanian - 
Lower Permian 


Ophioglossales Jurassic ?' Recent 


Zygopteridales Upper Devonian Lower Carboniferous - 
Lower Permian 


Stauropteridales Upper Devonian Upper Devonian - 
Upper Carboniferous 


Rhacophytales uppermost Lower Devonian Upper Devonian 


Cladoxylales uppermost Lower Devonian Middle Devonian - 
Lower Carboniferous 


! Possible ophioglossalean spores have been described from Jurassic sediments, but megafossil evidence 
is from the base of the Tertiary (Taylor and Taylor, 1993). 


increase in floristic complexity of terrestrial systems (Knoll, 1986) that apparently resulted 
from the establishment of plant communities dominated by arborescent gymnosperms (Galtier, 
1992) in the Tournaisian (Fig. 1), and this suggests that the ecological opportunism 
hypothesised by Lovis (1977) for modern filicaleans has been operative since the origin of the 
group (Rothwell, 1987). 

With the exception of compression specimens attributed to the Gleicheniaceae (Yao and 
Taylor, 1988; Taylor and Taylor, 1993), there appears to be a complete systematic turnover of 
filicalean families during the period of global climatic change that began near the end of the 
Carboniferous, and continued throughout the Permian (level 1 in Fig. 1; DiMichele and 
Aronson, 1992). Several filicalean families with/living representatives appeared from the 
Permian through the Jurassic (Fig. 1; Tidwell and Ash, 1994). By far the greatest diversity of 
living filicaleans occurs among ferns that originated in the Cretaceous (Table 1; Lovis, 1977; 
Hasebe et al., 1994), and were. placed in the Polypodiaceae s.l. by Bower (1923). 
Diversification of these taxa is commonly referred to as the polypodiaceous radiations (Fig. 1), 
and appears to have resulted from a tremendous increase in ecological complexity that was 
associated with establishment of angiosperm dominated plant communities (level 4 in Fig. 1; 
Lovis, 1977; Rothwell, 1987). . 

The Hydropteridales include all of the leptosporangiate heterosporous ‘water’ ferns that are 
derived from filicalean ancestors (Hasebe et al., 1994; Rothwell and Stockey, 1994; Wolf et al., 
1994). Evidence for water ferns appears at the base of the Cretaceous (Kovach and Batten, 
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1989; Skog and Dilcher, 1992). The group diversified throughout the Cretaceous, reaching its 
greatest diversity at the base of the Tertiary (Kovach and Batten, 1989; Collinson, 1991). 
Although water ferns have always been a relatively minor component of the vegetation, they 
are a common component of modem aquatic communities in streams and lakes of subtropical 
and temperate regions (Johnson, 1993; Nauman, 1993; Lumpkin, 1993), 


Relationships of ferns 


Relationships among ferns traditionally have been poorly understood (Gifford and Foster, 
1989). Systematic studies of living forms have placed the eusporangiates (i.e., Ophioglossales 
and Marattiales) as the sister group or groups to the leptosporangiates (i.e., Filicales plus 
heterosporous aquatics), but until recently there has been little agreement about relationships 
among the leptosporangiates (e.g., Wagner, 1969; Bierhorst, 1971; Holttum, 1973) or about 
relationships among the major groups of Paleozoic ferns (Stewart and Rothwell, 1993; Taylor 
and Taylor, 1993). More recently, cladistic analyses employing palaeobotanical and molecular 
data have begun to augment traditional approaches in addressing relationships among and 
within the whole spectrum of fern groups (Stein et al., 1992; Hasebe et al., 1994; Haufler 
et al., 1995; Manhart, 1994; Pryer et al., 1994; Raubeson et al., 1994; Rothwell, 1994; 
Rothwell and Stockey, 1994; Smith, 1994; Wolf et al., 1994), and a coherent picture of fern 
phylogeny is beginning to emerge. 

Although preliminary results of a cladistic analysis of morphological characters arranged ferns 
s.l. as monophyletic (Rothwell, 1994), the expanded ongoing analyses indicate that they are not 
(Fig. 2; Rothwell, 1995). Results of the most recent analyses using data from both living and 
extinct ferns (Stein er al., 1992; Hasebe er al., 1994; Pryer er al., 1994, Raubeson et al., 1994; 
Rothwell, 1994; 1995; Rothwell and Stockey, 1994; Wolf et al., 1994) are summarised in Figure 
2, and this reflects our developing understanding of the general topology of fern phylogeny. This 
tree (Fig. 2) depicts ferns as a polyphyletic assemblage, where the Stauropteridales is not closely 
related to other fem groups. Cladoxylales, Rhacophytales and Cladoxylales form a monophyletic 
group, but this clade is the sister group to progymnosperms plus seed plants, rather than to other 
fern groups. As in traditional interpretations, Marattiales and Ophioglossales are arranged as 
monophyletic sister groups (Fig. 2). 

Leptosporangiate ferns are also arranged as monophyletic (Fig. 2). Interestingly the 
traditionally assumed sister group relationship of living eusporangiate ferns -and 
leptosporangiate ferns is equivocal (Fig. 2). Independent studies using palacobotanical 
(Rothwell and Stockey, 1994) and molecular data (Hasebe et al., 1994; Wolf et al., 1994) 
reveal that species previously placed in the Marsileales and Salviniales form a monophyletic 
group, the Hydropteridales, that is nested within the Filicales (Fig. 2). As a result, the Filicales 
are a paraphyletic assemblage. 

Results of the various analyses differ in several dential but there is a consensus about the 
overall pattern of phylogenctic relationships among the leptosporangiate ferns.-Within the 
leptosporangiate clade, several families of filicaleans are attached to the stem of the tree below 
the Hydropteridales, and the remaining filicaleans form a clade that is the sister group to the 
Hydropteridales (Fig. 2): Filicaleans that are attached below the hydropterid node (arrow in 
Fig. 2) traditionally have been interpreted as primitive (Bower, 1923, 1926), and include those 
families that diversified before the Cretaceous (Fig. 1; Hasebe et al., 1994; Rothwell and 
Stockey, 1994; Tidwell and Ash, 1994; Wolf ez al., 1994; Rothwell, 1995). Cyatheaceous ferns 
occur at or near the base of the clade that represents the polypodiaceous radiations (Rothwell, 
1995). Studies of living groups place the Osmundaccae as the sister group to all other ferns at 
the base of the clade that includes Filicales and Hydropteridales (Stein et al., 1992; Hasebe 
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FiG. 2. Generalised relationships among ferns and fern-like plants. Compiled and modified from results of 
ongoing cladistic analyses using morphological characters (Rothwell, 1995), from a previous 
analysis using morphological characters (Rothwell and Stockey, 1994), and from results of previous 
analyses using molecular characters (Stein er al., 1992; Hasebe et al., 1994; Wolf et al., 1994). Taxa 
in parentheses are not generally regarded as ferns. The arrow indicates the position of the hydropterid 
node. See text for details. 


et al., 1994; Rothwell and Stockey, 1994), but analyses that include fossils reveal that species 
of several extinct Paleozoic families (Fig. 1) are attached to the stem of the tree below 
Osmunda (Rothwell, 1994, 1995). 

Most of the filicaleans that are attached to the stem of the tree above the hydropterid node 
(Fig. 2; Hasebe et al., 1994; Wolf et al., 1994; Rothwell, 1995) consist of taxa that are not 
found in pre-Cretaceous sediments (Tidwell and Ash, 1994). These taxa also are, by far, the 
most diverse of all living pteridophytes (Hasebe et al., 1994; Rothwell, 1996). Although there 
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is some evidence for such ferns as early as the Jurassic (Harris, 1961; Tidwell and Ash, 1994), 
the fossil record indicates that these groups diversified during the Cretaceous (i.c., 
‘Polypodiaceous Radiations’ in Fig. 1; Lovis, 1977; Tidwell and Ash, 1994; Wolf er al., 1994), 
and that most of the overall filicalean diversity was present by the beginning of the Tertiary. 
Even some extant species have existed since the base of the Tertiary (e.g., Onoclea sensibilis 
L., Rothwell and Stockey, 1991). 


Summary and conclusions 


The fossil record provides solid data for reconstructing evolutionary history and for 
resolving large scale phylogenetic relationships of ferns. Ferns in the broad sense are a 
polyphyletic assemblage of pteridophytic vascular plants (Fig. 2) that bear sporangia on 
large, often complex leaves. The most ancient fern groups originated near the Lower/Middle 
Devonian boundary during 2 period of rapid evolutionary radiation and increase in land plant 
diversity (level 1 in Fig. 1). All of the Devonian groups, including Cladoxylales, 
Rhacophytales, Stauropteridales and Zygopteridales, became extinct before the end of the 
Paleozoic. The eusporangiate Marattiales and Ophioglossales form a monophyletic group. 
Leptosporangiate ferns including Filicales and Hydropteridales also form a clade, but 
monophylesis for a group that includes the cusporangiates and leptosporangiates is 
equivocal (Fig. 2). l 

The Filicales originated at the base of the Lower Carboniferous during a time of dramatic 
increase in species diversity among vascular plants, and this may have resulted from the 
origin and establishment of gymnosperm dominated plant communities (level 2 of Fig. 1). 
Three phases of leptosporangiate fern diversification can be recognised. The first of these is 
the Carboniferous radiation of filicaleans (Fig. 1). This phase culminated in a nearly 
complete systematic turnover at the family level near the Carboniferous/Permian boundary 
that is correlated with dramatic changes in global climate and geography (level 3 in Fig. 1). 
The second phase occurred from the Permian through the Jurassic, and included 
diversification of basal filicalean families that are attached to the stem of the tree below the 
hydropterid node (Fig. 2 at arrow). The most prominent fossil record of basal filicaleans 
with living representatives includes the Gleicheniaceae, Osmundaceae, Matoniaceae and 
Schizaeaceae (Fig. 1). 

The third phase occurred primarily during the Cretaceous. It consists of the radiation of the 
most diverse filicaleans (i.e., a clade that consists of the ‘Polypodiaceous Radiations’ in Fig. 2) 
and of the Hydropteridales (i.e., the clade of leptosporangiate heterosporous ferns in Fig. 2). 
This third radiation coincides with the explosive diversification and rise to dominance of 
flowering plants, that dramatically increased the complexity of terrestrial plant community 
structure (level 4 of Fig. 1). If filicalean ferns are ecological opportunists as originally 
hypothesised by Lovis (1977; Rothwell 1987), then evolutionary ecology provides a credible 
explanation for the interrelated diversification of filicalean ferns and flowering plants. It also 
explains why the Filicales achieved their most dramatic rise in overall species richness at the 
same time as nearly all other major vascular plants groups were declining in diversity as the 
result of competitive exclusion by flowering plants. 
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